Modulation of synaptic transmission is a major mechanism for the functional reconfiguration of neuronal circuits. 
INTRODUCTION
In neurons, Ca 2+ elevation is the essential trigger for synaptic transmitter release, and plays an important role as a second messenger for cellular processes such as membrane excitability, enzyme activation and activity-dependent gene-activation (Augustine et al. 2003) . Cytosolic Ca 2+ levels are not uniform, but can be compartmentalized and differentially controlled. One parameter that contributes significantly to the spatial and temporal dynamics of intracellular free calcium is the spatial distribution of voltage-activated Ca 2+ channels, which can vary significantly in functionally specialized subcellular regions such as the soma, dendrites, dendritic spines, and presynaptic terminals.
In synaptic terminals, high levels of free intracellular Ca 2+ induce transmitter release.
Dopamine (DA) functionally reconfigures the pyloric network by distributed effects on ionic currents that shape the neurons' intrinsic properties, and by modulating synaptic strength throughout the network. Among other actions, DA enhances the synaptic output of the LP and PY neurons, and decreases the synaptic output from the PD neurons (Johnson and HarrisWarrick 1997, 1990; Johnson et al. 1995; Johnson et al. 2005) . Soma voltage clamp studies suggest that DA acts by increasing (LP, PY) or decreasing (PD) voltage-activated Ca 2+ currents (Johnson et al. 2003 ). We performed a calcium imaging study (Kloppenburg et al. 2000) , showing that high voltage activated Ca 2+ influx in PD neurons is highly localized to spatially restricted varicosities which have previously been shown to be synaptic sites (King 1976a) . In many of these varicosities, Ca 2+ influx was reduced by DA, suggesting DA reduces chemical transmission from the PD neurons at least in part by decreasing Ca 2+ entry at neurotransmitter release sites. However, DA had no effect at other PD varicosities, suggesting that Ca 2+ influx is not modulated homogenously throughout a single neuron.
The purpose of this study was to extend these results to different classes of pyloric neurons, to see if modulation of localized Ca 2+ influx is a common mechanism to regulate synaptic strength. We also analyzed DA modulation of Ca 2+ entry at multiple varicosities in a single neuron, to determine whether localized Ca 2+ entry is differentially modulated at different sites in a single neuron. 
MATERIAL AND METHODS

Spiny lobsters,
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Preparation. Animals were anesthetized by cooling in ice for at least 30 min before dissection. The stomatogastric ganglion (STG), along with its motor nerves and the associated commissural and oesophageal ganglia, was dissected from the animal (Selverston et al. 1976 ) and pinned in a Sylgard-coated dish. The preparation was superfused continuously (3 ml min -1 ) with saline (16 o C) of the following composition in mM: 479 NaCl, 12.8 KCl, 13.7 CaCl 2 , 3.9 Na 2 SO 4 , 10.0 MgSO 4 , 2 glucose, 11.1 Tris base, pH 7.35 (Mulloney and Selverston 1974) . Extracellular recordings were made from identified motor nerves using bipolar pin electrodes insulated by vaseline (Kloppenburg et al. 2000) . After desheathing the STG, individual somata were impaled with glass microelectrodes (10-25 M ;
2.5 M KCl) and identified using three criteria: (1) a 1:1 correspondence of action potentials recorded intracellularly in the soma and extracellularly from an identified motor nerve; (2) characteristic phasing and synaptic input during the pyloric motor pattern; and (3) characteristic shape of the membrane potential oscillations and action potentials in the pyloric rhythm.
After electrophysiological cell identification, the preparation in its recording chamber was transferred from the identification rig to the imaging set up. The recording chamber was mounted on the modified temperature controlled stage of a modified Olympus AX-70 upright microscope (Olympus, Melville, NY). The preparation was constantly superfused with saline (3 ml min -1 ) at 16 o C.
The detailed procedure for dye loading and estimation of intracellular dye concentration has been described previously (Kloppenburg et al. 2000) . Briefly, Calcium Green-1 (2 mM in H 2 O) was loaded iontophoretically into single neurons using hyperpolarizing current. The injection was standardized to -10 nA hyperplarizing current for 20 min, when in all neuron types fine neuritic arborizations were visible. Using these parameters the injected dye had no immediate effect on the firing properties of the neuron, which was monitored in a rhythmically active preparation during brief interruptions of the current injection. From the Statistical analysis. For a particular experiment, the DA-induced change in Ca 2+ signal was considered significant if the change in the peak amplitude was larger than 3x the standard deviation ( ). Student's t-tests were used to assess the significance of differences between mean values of parameters measured under control conditions, during dopamine application and after washing in dopamine-free saline. A Bonferroni correction was used to adjust for repeated t-tests and significance was accepted at P = 0.025.
Throughout this paper, all calculated ranges are reported as the standard deviation of the mean.
RESULTS
Sites of Ca 2+ measurement
The three dimensional structure of the Calcium Green-1 loaded PD neuron was visualized with high spatial resolution in the living ganglion. Multiphoton Ca 2+ measurements were performed with repeated line scans (250-500 Hz) of enlarged varicosities that are localized on finer processes within the neuropil (Fig. 1,3 ,5). We evoked Ca 2+ accumulation in a voltageclamped neuron with a 200 ms voltage pulse to 0 mV from a holding potential of -45 mV.
We used a combination of ion channel blockers to reduce or eliminate non-calcium currents (Kloppenburg et al. 2000) . This procedure decreased the electronic decay sufficiently to was significantly decreased by DA at one site but unaltered at the other varicosity. In the remaining 4 neurons, one responded with a decrease in both varicosities, and in 3 neurons both varicosities did not respond (data included in Fig. 2 ). These data are consistent with the average data over all cells that 50% of varicosities respond to DA and clearly show a differential effect of DA on the varicosities within a single PD neuron; that is, DA modulates Ca 2+ entry at certain sites, while others are not affected.
LP neuron
Dopamine enhances synaptic output from the LP neuron (Johnson et al. 1995; Johnson et al. 2005 were measured is shown in Fig. 5 . In Fig. 5A the two sites are shown in sequential vertical optical slices (A1-A3) and in a 3D reconstruction (A4).
Voltage activated Ca 2+ accumulation was measured simultaneously in both varicosities during a single DA application. At site , dopamine clearly reduced Ca 2+ accumulation (Fig. 5 B1, C1 ), while at the same time Ca 2+ accumulation was increased at site (Fig. 5 B2, C2, D) , demonstrating a spatially opposite modulatory effect of dopamine within a single neuron. The time course of the DA effect was similar for both increase and decrease (Fig. 5D ). In the remaining 11 neurons with two varicosities measured, we found 4 with both varicosities increasing, two with one increase and one varicosity with no response to DA, and -Warrick 1997 -Warrick , 1990 Johnson et al. 1995) . These and other studies suggest that DA can modulate transmitter release via a direct effect at the pre-synaptic terminal, which we verified with multiphoton microscopy calcium imaging studies here and in previous work (Kloppenburg et al. 2000) .
Although there are many ways to modify pre-synaptic transmitter release (Katz 1999 accumulations in a significant fraction of varicosities is consistent with DA's effect on synaptic transmission and the whole cell calcium currents in that neuron (Johnson and HarrisWarrick 1997, 1990; Johnson et al. 2003; Johnson et al. 1994 Johnson et al. , 1995 . DA elevates Ca 2+ accumulation in synaptic varicosities of the PY and LP neurons, whose synapses are strengthened and I Ca enhanced by DA. In contrast, DA reduces Ca 2+ accumulation in varicosities of the PD neuron, whose synapses are weakened and I Ca reduced by DA. These results support the straightforward hypothesis that DA alters synaptic strength at least in part by directly modulating localized synaptic Ca 2+ influx.
However, the situation appears to be more complex than this. For all three neuron types, we found that DA does not have the same effects on all the varicosities that show voltage activated Ca 2+ accumulation, supporting our previous study of the PD neuron (Kloppenburg et al. 2000) . In all three neurons, DA had no effect on voltage activated Ca 2+ accumulation in nearly half of the varicosities. At present, we do not understand the functional significance of this heterogeneity of DA responses at different varicosities within a single neuron. One possibility is that not all the varicosities are pre-synaptic terminals, despite their high voltage-activated calcium accumulation. Future work labeling the terminals with synapse-specific markers after each experiment might be able to test this possibility. A second possibility could be that all the varicosities are pre-synaptic terminals, but DA differentially modulates those terminals onto specific post-synaptic targets. However, as stated above, the effects of DA are uniform on each neuron's synaptic outputs. It is possible that these neurons synapse on other unknown targets; for example, they might form synapses onto axonal terminals of neurons descending to the STG from higher ganglia (Bartos and Nusbaum 1997; Coleman et al. 1995) .
A third possibility is that the physiological strengthening or weakening of the synapse represents a summation of the differential effects of DA on the terminals from one neuron onto another. King (1976a; 1976b) showed that, in P. interruptus, each neuron makes multiple contacts onto each of its post-synaptic target neurons. Thus, if DA strengthens release from half of the LP terminals onto, for example, a PY neuron, with no effect on the others, the net effect will be a strengthened synapse. This could also explain the paradoxical opposite effects of DA on many of the PY varicosities: the net response would be a summation of the positive and negative modulation, with a net strengthening of the PY output synapses. One possible reason to limit the number of modified terminals, or to have terminals with opposing responses, is to limit the extent of modulation so that the synapse does not become too strong or too weak. A major problem facing strongly modulated networks like the pyloric network is how to maintain stability in output despite the multiple modulatory inputs, each of which has its specific actions on the network (Marder and Bucher 2007;  one possible solution to this problem is for a modulatory input to exert at least partially opposing actions on a neuron. This would provide both a "drive" to change the pattern in a particular direction, and a "brake" to limit that change to within the physiologically relevant range. In our earlier work, we showed that DA frequently has opposing actions on the preand post-synaptic sites of a synapse, for example, enhancing transmitter release presynaptically but reducing the post-synaptic responsiveness to that transmitter (Johnson and Harris-Warrick 1997) . In addition, among the many modulatory effects of DA on voltagedependent ionic currents that shape the intrinsic firing properties of pyloric neurons, we have found several examples of effects that appear opposed to the overall change in firing
properties (Gruhn et al. 2005; Harris-Warrick et al. 1998; Peck et al. 2006 ). Our present results on differential and even opposing actions of DA on different varicosities in the same neuron provide further evidence for the hypothesis that a neuromodulator might self-limit its modulatory effects on a system by combining opposing or self-limiting effects on the system. This would retain the system within a physiologically relevant range, and allow it to continue to function at all times. 
